Colletotrichum acutatum is a serious concern for the Portuguese oliviculture and food industry, due to both olive oil yield and quality decrease. While the organism's phytopathogenic potential has been well documented, the pathogen adhesion and colonization process in olives remain poorly understood. This paper reports experiments conducted on C. acutatum-susceptible, C. acutatum-moderately resistant and C. acutatum-resistant olive fruits during infection process, in two consecutively years, to identify the physical differences related to the host cuticle promoting resistance and susceptibility to C. acutatum. Cuticle thickness, perimeter and area of epidermal cells of 'Galega' (susceptible), 'Cobrançosa' (moderate-resistant) and 'Picual' (resistant) fruits were measured. Here, we also describe the colonization process of olive fruits by C. acutatum. To achieve this goal olive fruits 102 from 'Galega', 'Cobrançosa' and 'Picual' were inoculated in a field trial with an aqueous suspension of C. acutatum (1x10 6 spores ml -1 ) under suitable humidity and temperature conditions. Light, fluorescent and scanning electron microscopy were used to view olive fruit sections. Significant differences were observed among the parameters studied: cuticle thickness, perimeter and area of olive fruit epidermal cells. The C. acutatum-resistant ('Picual') fruits showed highest mean values for each parameter in both years. Pathogen ultrastructures, such as spores, germ tube, and appressoria were clearly observed using different microscopy techniques. Acervuli sporulation was observed only 192 hours after inoculation in C. acutatum-susceptible ('Galega') fruits.
Introduction
The Colletotrichum acutatum and C. gloeosporioides caused anthracnose in a wide range of hosts found mainly in temperate, subtropical and tropical areas (Martín and García-Figueres, 1999; Moral et al., 2009) . Talhinhas et al., (2005) with molecular and phenotypic assays reported that the occurrence of C. acutatum in Portuguese olive orchards was higher (>97%) than C. gloeosporioides (<3%). The C. acutatum J. H. Simmonds is one of the most pathogenic species, which causes anthracnose and blight in agriculturally important hosts including many dicotyledonous plants such as strawberry, apple, citrus, and stone fruits (Horowitz et al., 2002; Peres et al., 2005) .
In national terms the prevalent olive cultivar is 'Galega' that gives to olive oil a good specificity when compared with olive oils from others cultivars. However, this cultivar have a sanitary problem that is the susceptibly to olive anthracnose caused by the C. acutatum, named in Portugal by 'gafa'. The olive anthracnose disease was firstly reported in Portugal by Almeida (1899) . This disease is very aggressive and is one of the main constraints affecting both the olive production and oil quality (Talhinhas et al., 2003 (Talhinhas et al., , 2005 (Talhinhas et al., , 2007 Carvalho et al., 2008) . Although the disease is distributed along all Mediterranean Basin it is in Portugal that it has a great expression, mainly due to the Atlantic influence (higher moisture during autumn).
There are reports that cultivars resistance is based on an array of defensive mechanisms. These mechanisms could be classified broadly into 'passive' or pre-existing mechanisms (e.g., cell wall, fruit cuticle, needles, and trichomes, among others) that prevent or attenuate the pathogen invasion, while others, such as signal transduction and gene expression are 'active' or inducible by host-pathogen (Mithöfer et al., 2009) . In fact, the cuticle is the first site of contact between olive fruit and C. acutatum and therefore is thought to play a significant role in plant-pathogen interactions. In several cases, products of cutin hydrolysis induce defense responses in plants (Shah and Chaturvedi, 2009 ). However, the physiological role of cuticle characteristics in olive and C. acutatum interaction are poorly understood compared to colonization process. Since the epidermal surface is the first contact point between plants and pathogens, understanding the differences related to the cuticle characteristics may give indications of its involvement in plant-pathogen interaction (Kerstiens, 1996) .
The early stages of infection by Colletotrichum spp. are very similar between species, as they all involve a series of processes including the spore adhesion to the fruit cuticle, germination, production of adhesive appressoria, crucial for cuticle penetration, growth and fruit colonization (Prusky et al., 2000; Wharton and Diéguez-Uribeondo, 2004; Arroyo et al., 2005; Diéguez-Uribeondo et al., 2005; Gomes et al., 2007; Mota-Capitão et al., 2008; Gomes et al., 2009) . Thus the objectives of this study were to: (i) determine resistance aspects related to the fruit cuticle and epidermis (thickness, perimeter and area) on susceptible and resistant olive fruits; and (ii) monitor the infection and colonization of the olive fruits by the C. acutatum using light, fluorescent and scanning electron microscopy.
Materials and methods

Plant and fungal material
Fruits from adult olive tree cultivars 'Galega' (susceptible, highly infected with olive orchards completely destroyed), 'Cobrançosa' (moderately-resistant), and 'Picual' (resistant, inhibits fungus development in the fruit and tree vigour not affected) were used. The study of the anthracnose disease began in September of 2006 up to November of 2007. The olive fruits were obtained from a certified olive orchard, at the National Plant Breeding Station at Elvas, Portugal. C. acutatum isolates were collected from diseased olive fruit of cultivar Picual, in the Alentejo region of Southern Portugal. Monoconidial isolate, obtained from olive 'Picual', which has an high level of resistance in natural infection, was used. In this way the probability of the isolate used being aggressive would be higher. These isolates were identified by PTA-Elisa test using antibodies specific for Colletotrichum acutatum (Adgen, U.K.) (Carvalho et al., 2003) . Monoconidial isolate was used for inoculation experiments. The isolate was cultured on potato dextrose agar (PDA) for 8 days at 22ºC under a 12 hour photoperiod. Inoculum was prepared by flooding dishes with sterile distilled water, scraping the surface gently with a glass rod, and filtering the resulting suspension through sterile cheesecloth. Spore concentration was adjusted to 1x10 6 spores ml -1 in sterile water for inoculation. Two branches (approximately with 100 fruits) in each olive tree were inoculated with a spore suspension to evaluate the symptoms. Control plants were inoculated with sterile water suspension. After inoculation, plants were enclosed in plastic bags, to create high humidity conditions in order to encourage spore germination and development. In order to study the olive fruits infection process by C. acutatum, fruits were sampled at 0, 24, 48, 72 and 192 hours after inoculation (hai), and symptoms appearance were recorded on a daily basis. Fruit samples at 0 h after inoculation and with similar date, were used for cuticle and epidermis characteristics analysis. All experiments were conducted in 6 olive trees per cultivar (3 inoculated and 3 for control) during two consecutively years.
Microscopic assessment
Fruits were collected from Oliviculture Department of the Portuguese National Plant Breeding Station at Elvas and measurements were performed on 30 healthy olive fruit samples of each cultivar during two consecutive years (2006 and 2007) . To measure the fruit cuticle thickness, area and perimeter of the epidermis cells, fruit cross sections were prepared for light microscopic examinations. Small pieces of 1 cm 2 taken from the middle part of the fruits of each cultivar were fixed in FAA (70% ethanol: formalin: acetic acid = 90: 5: 5, Johansen, 1940) , dehydrated in a series of ethanol solutions (70%, 80%, 90%, 100%, 1 h each) and embedded in paraffin. The blocks were sectioned in a manual rotary microtome (Leica RM 2135; Leica Microsystems, Nussloch, Germany) to obtain 2-8 μm thick sections. Then, the sections were stained with 1% toluidine blue O in 0.1 M phosphate buffer, pH 6.8 for 10 min, using the method of O' Brien and McCully (1981) and observed and photographed using an Olympus IX51 inverted light microscope (Olympus Biosystem, Munich, Germany) equipped with a digital camera (ColorView III; Soft Imaging System GmbH, Münster, Germany) and the image analysis software Olympus cell. Cuticle thickness was measured at 30 different points per sample (approximately in 50 fruits) and the area and perimeter was determined for 30 epidermis cells in 50 fruits. Microscopic and statistical analyses were performed in olive cuticle cross-section, in order to explain the differential behaviour observed when C. acutatum attack three olive genotypes. Cuticles were also observed with a scanning electron microscopic (SEM). The fluorescence and optical microscopes were used for C. acutatum development observation. The SEM analysis of the fruits was conducted at 10 kV using a Philips/FEI Quanta 400. Fluorescence microscopy used an Axioskop2 MOT microscope fitted with an AxioCam HRC camera (Carl Zeiss MicroImaging Inc.). Olive fruits infection process by C. acutatum were analysed by Carl Zeiss Laser Scanning System LSM5 PASCAL software (Carl Zeiss, Jena GmbH).
Statistics
For the analyses of fruit cuticle thickness, area and perimeter of the epidermis cells data it was performed an analysis of variance using the Super ANOVA software (1.11 Abacus Concepts Inc, 1991). Significances of differences were established from a Duncan's Test (P < 0.05).
Results
Colletotrichum acutatum-olive interaction
Monitoring olive fruits colonization events by C. acutatum and its infection strategies was conducted using three microscopy systems and fruit vibratoming sections. Consistent with previous data (Gomes et al., 2009 ) sections of olive fruit epidermis revealed no adhesion of spores until 24 hai. In C. acutatum-susceptible fruits an electron dense zone with ungerminated spores were observed 48 hai (Figure 1a) . In C. acutatum -resistant fruits no spores adhesion was observed within 48 hai. Once inside susceptible fruit, the pathogen grew through the mesocarp until it colonized all host cells. The mesocarp of susceptible fruits became densely infected, dehydrated, and finally necrotic lesions and hyphae became visible under SEM (Figure 1b, 1c) . Secondary hyphae grew extensively inter-and intracellularly and across cell walls from one cell to the next, killing host cells and dissolving cell walls ahead of the infection (Figure 1b) . The end of colonization process is remarkably manifested by host cuticle collapse (Figure 1d ). After the necrotrophic phase, the pathogen could be detected, as a mass of mycelium that rapidly colonized surrounding cells culminating with cuticle rupture (Figure 1d ). The colonization process of olive fruits by C. acutatum, such as spores adhesion and germination on cuticle to form an appressoria were very similar between susceptible and resistant cultivars. However, in C. acutatum-resistant fruits interaction, such as 'Picual' this process is quite uncommon.
After pathogen adhesion to the C. acutatum-susceptible fruits the spores germinated and developed a germ tube. When germination of spore started one appressoria emerged in an apical position (Figure 2a, 2b) . Dark bodies inside the cytoplasm of ungerminated spores were observed (Figure 2c ). These bodies are glycoproteins, lipids and polysaccharides important to protect the spores from desiccation (Jong and Ackerceken, 2009 ). The acervuli sporulation was observed 192 hai on C. acutatum-susceptible fruits (Figure 1d, 3a, 3b ). Several acervuli were observed along the epidermis (Figure 3a) , which completely disrupt the epidermis structure (Figure 3b ).
Cuticle thickness, perimeter and area of epidermal cells
Physical and chemical barriers are now seen as source of signals that influence plant defense (Kerstiens, 1996; Shah and Chaturvedi, 2009) . The role of the olive cuticle as a preformed physical barrier against pathogens adhesion, penetration, and how this barrier can be overcome was studied. 50 healthy fruit per cultivar, at the same ripening stage, were measured to evaluate differences on cuticle thickness, perimeter and area of epidermal cells between susceptible and resistant olive cultivars. The microscopic observations related to cuticle thickness (P < 0.01), perimeter (P < 0.01) and area (P < 0.01) of epidermal cells revealed significant differences between C. acutatum-susceptible and resistant fruits (Table 1) . When cuticle thickness was analysed in fruits from 'Galega', 'Cobrançosa' and 'Picual' during the 2006, the lower mean value was observed in fruits from Galega cultivar (16.08 ± 0.4 µm; Figure 4a ) while the highest mean value, for cuticle thickness, was observed in resistant fruits from 'Picual' (23.27 ± 0.3 µm; Figure 4c) Figure 4b ). The same trend was observed in the following year (2007), where the cuticle's thickness was between 13.28 ± 0.4 and 18.57 ± 0.5 µm in 'Galega' and 'Picual' fruits, respectively ( 
Discussion
Olive anthracnose is caused by C. acutatum and C. gloeosporioides (Martín and García-Figueres, 1999; Angiolillo et al., 1999; Kimura et al., 2001; Trapero, 2009 ). The pathotype used for this study was previously isolated and identified as C. acutatum, the prevalent species in Alentejo region (Carvalho et al., 2003) . Colletotrichum species penetrates hosts through natural openings such as stomata, wounds and/or by direct penetration on the plant cuticle (Bailey et al., 1992) . Consistent with previous data (Gomes et al., 2009) , the interaction between C. acutatum-olive fruits occurred only through cuticle by appressoria structure formation. Penetration through stomata or direct penetration by germ tubes or hyphal tips, without appressoria, was not observed in this pathosystem, as it has been reported in bean cultivars (Jerba et al., 2005) , and on cowpea leaves (Latunde-Dada et al., 1996) . Results from colonization process showed that the severity of infection was greater on the C. acutatum-susceptible ('Galega') than on C. acutatum-resistant ('Picual') fruits. However, when C. acutatum host entry, the early stages of infection are remarkably similar between susceptible and resistant fruits, as they all involves spores adhesion, germination and penetration by appressoria (Figure 1 ). The appressoria observed in figure 2b is responsible to generate physical force to breach the olive fruit cuticle and outer cell wall. The enzymes needed for initial penetration may result on lesser levels of disease incidence and severity and can be related to lower appressoria number in host surface (Diéguez-Uribeondo et al., 2005; Kubo, 2005) . Indeed, we qualitatively detected less germinated spores in cuticle from C. acutatum-resistant fruits. In contrast, during the first 48 hai the necrotic lesions in susceptible fruits (from 'Galega') were evident not only at the fungus infection site but were also spread to numerous mesocarp cells. There are several reports with several hosts, such as citrus (Zulfiqar et al., 1996) , almond (Diéguez-Uribeondo et al., 2003) , strawberry (Leandro et al., 2001) , and blueberry (Wharton and Diéguez-Uribeondo, 2004) showing that infection chronology (spores germination and germ tube differentiation) happens within hours (3 to 48 hai) under favourable environmental conditions (Wharton and Diéguez-Uribeondo, 2004 ). Our observations showed that the acervuli sporulation in olive fruit only occurred after 192 hai on C. acutatum-susceptible fruits. Upon fruits' C. acutatum colonization, a massive internal proliferation of pathogen hyphae was observed within mesocarp cells and ending with the cuticle's collapse when acervuli sporulated. The acervuli sporulation release spores, which can be dispersed by wind or spread by rain. The symptoms of C. acutatum on susceptible fruit were observed when the mycelium breaks through the fruits' cuticle and produces acervuli (Figure 1d, 3a, 3b) . Similar results related to the acervuli sporulation, were reported by Wharton and Schilder (2008) on blueberry cultivars 'Jersey' (susceptible) at 108 hai and 'Elliott' (resistant) at 144 hai. Smith et al., (1999) reported that acervuli sporulation on C. dematium-cowpea stems pathosystem only became visible approximately 80 hai and on leaves brown lesions became visible only 100 hai. Latunde-Dada et al., (1996) reported acervuli sporulation in C. destructivum-cowpea pathosystem 120 hai. On C. graminicola-Agrostis palustris and C. graminicola-Lolium perenne pathosystems the acervuli sporulation appeared within 72 and 96 hai, respectively (Khan and Hsiang, 2003) .
Our observation also showed a lack of anthracnose symptom on C. acutatum-moderately ('Cobrançosa') and C. acutatum-resistant ('Picual') fruits. We believe that this fact can be an indication of host defence responses. In field trial, differences in C. acutatum attack in susceptible and resistant cultivars have been reported by Carvalho et al., (2006) . In terms of infection time, the cultivar Galega (susceptible) was invaded by C. acutatum earlier than the cultivar Picual (resistant). One of the reasons that this may happen maybe due to the fact that 'Galega' ripens earlier than 'Cobrançosa' and 'Picual', therefore it may not escape to C. acutatum infection when conducive conditions occur (first rainfall-normally in September). The intersection between fruit ripening and susceptibility has been reported in different pathosystem such as tomato (Cantu et al., 2008) and olive (Moral et al., 2008; Mota-Capitão et al., 2008) . The C. acutatum colonization process has been studied in the context of olive susceptibility. However, the contribution of ripening associated with cuticle and susceptibility will be extensively evaluated in future work. Several reports bring out that the higher concentration of phenolic compounds in immature olive fruits constitutes an important resistance factor. It might be considered that when maturation occurs earlier in a cultivar, dependent on the genotype, there is a general decrease in phenolic compounds and this fact increase the cultivar susceptibility. Fruit ripening is characterized by processes that modify fruit texture but also by a dramatic increase in susceptibility to necrotrophic pathogens (Cantu et al., 2008) . However, the resistance mechanisms in olive anthracnose, described above, need to be further investigated. We observed differences in ripeness in all three cultivars. Galega was the first to be mature, and there were small differences between Cobrançosa and Picual cultivars. In C. acutatum-moderately ('Cobrançosa') and C. acutatum -resistant ('Picual') cultivars the appressoria formed on immature fruits may remain quiescent until onset of ripening in September. According Guestsky et al., (2007) the greater susceptibility during fruit ripening may be related to the levels of flavonoids that decrease, while the quiescent Colletotrichum infections are active. According Barbosa et al., (2006) the dark bodies observed inside the ungerminated spore (Figure 2c ) is related to the lipid reserves that represent a crucial role in energy storage, indispensable for spores' germination under suitable conditions. The lipid bodies in ungerminated spores have been reported in C. graminicola (Schadeck et al., 1998) , C. lagenarium (Kimura et al., 2001) , and C. gloeosporioides (Kuo, 1999) . The anthracnose resistance observed in C. acutatum-moderately ('Cobrançosa') and C. acutatum-resistant ('Picual') fruits can have close analogies with the pathogen dormant phase until fruit ripening. In these cases the pathogen development is restricted within the epidermal layer (Gomes et al., 2009) . When physiological changes occur in fruits, such as the maturity stages, the pathogen development may occur (Angiolillo et al., 1999) . Another characteristic related to the fruit maturity is the cuticle and exocarp thickness (Manandhar et al., 1995) . The differences observed in olive cuticle thickness, perimeter and area of epidermal cells can be positively related to the fruit susceptibility. Our observations also showed significantly differences in cuticle thickness from C. acutatum-susceptible and C. acutatum-resistant fruits, whose cuticles constitute a physical barrier to pathogen adhesion and development (Figure 3) . The epidermal cells perimeter and area in C. acutatum-susceptible ('Galega') and C. acutatum-resistant ('Picual') fruits were also significantly different (Table 1 ). The majority of epidermal cells are small and compact with cuticle consisting of cutin and wax. This cuticle effectively protects the plant from water loss and functions as a barrier against pathogen. The results obtained, in terms of cuticle parameters can be important data for understanding the C. acutatum-olive interaction. During ripening, many fruit, including olive, disassemble components of the cell wall, with cuticle thickness and degree of cutinisation decreasing significantly from immature to fully ripe fruits, thereby contributing to fruit susceptibility.
Differences related to the cuticle characteristics could explain why some olive cultivars are more severely attacked by C. acutatum than others. In previous work the expression of resistance, on olive cultivars, occurred only after pathogen penetrated the physical barriers (Gomes et al., 2008) . However, once penetrated, the infection development in 'Picual' (resistant) occurred very slowly, suggesting that fungus can remain in a latent period waiting for favourable environmental conditions. This latent infection can be related, among other factors, to olive fruits ripeness. Moshe et al., (1994) reported that spore from C. gloeosporioides and C. musae developed mechanisms to use the host's ripening hormone as a signal to initiate spore germination, appressoria formation, and colonization process. Little is known on the different factors that affect resistance with regard to the olive cuticles. This study revealed that the initial phase of interactions between fruit cuticle and C. acutatum can be correlated to the nature of the cuticle and epidermal cells (cuticle thickness, perimeter and area of epidermal cells). In fact, an increase in cuticle thickness may provide a mechanical obstacle to pathogens attack. The thinner epidermis cells of 'Galega' also confer lower protection against pathogens. Indeed, dermal tissue 
